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Abstract 
Thermocouples are widely used in reactor applications due to their reliable performance in the reactor operating conditions. It is 
intended to use thermocouples to detect the in-reactor creep rupture of pressurized capsules. Attachment of thermocouple to the 
gas region of a pressurized capsule is a challenging task since the joint should withstand the high temperature and the associated 
high pressure at that high temperature. SS316 sheathed K type thermocouple of overall diameter of 1 mm is used in this study. 
Laser welding has been successfully adopted for this application, and this paper discusses the challenges involved, and the 
standardization of laser welding parameters to obtain defect- free laser welds. 
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1. Introduction 
 Temperature is one of the primary parameters of interest in safe operation and control of nuclear reactors. 
During instrumented irradiation experiments in reactors, temperature monitoring is best achieved by thermocouples 
due to their reliable performance in the reactor operating conditions. Pressurized capsules are small size capsules 
made of clad tubes, filled with argon at high pressure, and are used to determine the in-reactor creep behaviour of 
materials. It was intended to attach a thermocouple to the gas region of a pressurized capsule to find its response 
during in-reactor creep rupture of the pressurized capsule. Attachment of thermocouple to the gas region of the 
pressurized capsule is a challenging task since the joint should withstand high temperature and the associated high 
pressure developed in the pressurized capsule during its exposure in the reactor. The low wall thickness of the 
thermocouple sheath makes laser welding to be the best possible option, as it allows a precise control over the heat 
input and it minimizes the heat affected zone, residual stresses and distortion. SS316 sheathed K type thermocouple 
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of overall diameter of 1 mm is used in this study. The wall thickness of the sheath of this thermocouple lies between 
0.18 and 0.2 mm. Thermocouples are made by cold drawing process which results in minor ovalities in the outer 
sheath. This variation in the cross-section can give rise to weld defects during laser welding. A special fixture has 
been designed and fabricated to remove the ovalities from the thermocouple locally in the weld location. Using this 
fixture, the thermocouple wire is held between the head stock and the tail stock of a lathe and fine machining is done 
using a diamond tool. The laser welding parameters selected are to be such that the sheath material is not punctured 
and at the same time sufficient weld penetration is achieved. This paper discusses the challenges involved, and the 
standardization of laser welding parameters to successfully fabricate pressurized capsule with attachment of 
thermocouple. 
2. Experimental Arrangement 
 The normal operating temperature range in a reactor lies between 400ºC and 550ºC. K-type thermocouple 
with a working range of -200ºC to 1200ºC is suitable to measure temperatures in the reactor. The drift of K-type 
thermocouple due to nuclear radiation is also less. When temperature is above 0ºC, the limits of error of K-type 
thermocouple is 2.2°C or 2.0% (whichever is greater). Fig. 1 shows the schematic diagram of attachment of a 1 mm 
diameter thermocouple to a pressurized capsule. A hole of 1.01mm to 1.02mm diameter is drilled through the sleeve 
and end plug portion of the pressurized capsule for insertion of thermocouple.   First, the sleeve is attached to the 
thermocouple by laser welding. After insertion of the thermocouple with the sleeve, through the hole drilled in the 
end plug, the thermocouple sheath is welded to the projected part of the end plug. Finally the sleeve is 
circumferentially welded to the end plug. All the welds should withstand a leak tightness of 10-8 std cc/s. 
 Design calculations were made to verify the strength of the laser welded joint at an operating pressure of 20 
MPa in the pressurized capsule at a temperature of 973 K. It was found that the induced stresses in the welds are less 
than the allowable stress value. 
 
 
 
Fig. 1 Schematic diagram of pressurized capsule with attachment of a central thermocouple. 
3. Mathematical Relationships Between Pulsed Laser Welding Parameters 
 The weld quality is controlled by a large number of process parameters. The key process parameters are 
average peak power (Pp), pulse energy (Ep) and pulse duration (Tp) which mainly govern the temperature 
distribution in the work piece subjected to laser welding [1]. There are various other parameters like, average peak 
power density (Pd), duty cycle (Cd) and pulse repetition rate (PRR) or frequency which are derived from these 
parameters. High precision and control is achieved by overlap spot welding technique. Seam weld produced by the 
pulsed laser welding process is actually a series of overlapping spot welds. Higher overlapping gives higher weld 
integrity [2]. Around 80% overlapping is desirable for obtaining leak tight welds. The percentage overlap is 
controlled by beam diameter and traverse speed.  
 
 The initial laser welding parameters were obtained by finding the approximate energy required to melt the 
volume of a single bead. The cross-section of weld geometry is assumed to be a segment of a semi-circle [3]. 
Melting point of stainless steel is taken as 1475ºC.  
 
 As an example, welding of 1 mm diameter K-type thermocouple to the sleeve is discussed here (Fig. 2). 
Sheath wall thickness of the thermocouple is 0.18 mm. In order to obtain mechanically strong welds, the joint design 
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is to be such that the depth of penetration is about 0.15 mm. The wall thickness of sleeve in the weld region was 
kept close to the thickness of sheath of the thermocouple. 
 
 
Fig. 2 Thermocouple to sleeve weld cross-section 
With reference to Fig.2, 
a = laser beam radius = 0.4mm 
h = depth of penetration = 0.15mm 
Volume of metal melted in each pulse V= ʌh(3a2 + h2)/6   
 
Substituting the values, we get the volume of metal melted in each pulse= 0.04×10 -9 m3 
Mass of metal melted in each pulse (m) = ȡ×V= 0.312×10 -6 kg 
Energy needed in each pulse (Q) = mCpǻT + mL= 0.379 J 
where Cp = specific heat capacity of SS316, 
ǻT = the difference between temperature of molten metal and room temperature, 
L = latent heat of fusion for SS316. 
The energy transfer efficiency or wall plug efficiency, which is the ratio of the heat absorbed by the work piece to 
the incident laser energy and the melting efficiency, which is the ratio of the heat to melt the fusion zone to the heat 
absorbed by the work piece, bring down the overall laser welding efficiency. It varies between 5% and 30 % [4]. In 
smaller welds, the weld efficiency (Ȓ) is around 10%. 
Thus, pulse energy required becomes: Q*100/ Ȓ = 3.79 J (approximately) 
 
4. Weld Integrity Analysis Using Abaqus  
 
 
Fig. 3 Abaqus model  
 
 The weld configuration was modeled as shown in Fig.3. Simplified geometry was assumed for analysis. 
Material properties of SS316 at 973 K were used as input to the model. A pressure load of 150 bars was applied on 
the bottom face of thermocouple. 
 
Thermocouple  
Sleeve  
Weld joint
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 Figures 4 and 5 show the displacement and Von Mises stress distribution at each node. It was observed the 
stress was higher at the edge. This can be attributed to the sharp profile at that location which resulted in a stress 
concentration. The analysis showed that the induced stresses and displacements were within permissible limits. 
Here, it is conservatively assumed that the sleeve to thermocouple weld is subjected to full load even though the 
load is shared by other welds also in the actual case. 
 
 
Fig. 4 Displacement of each node on application of the pressure load 
 
 
Fig.5. Von Mises stress distribution in the weld region 
5. Standardized Range of Parameters for Laser Welding  
 
 Typical geometrical and process parameters are given in Table.1. Commercial grade argon (99.99% purity) 
was used as shielding gas. 
Table-1 
Typical geometrical and process parameters 
Thermocouple Sleeve 
 
Diameter: 1 mm Outer diameter: 1.6 mm 
Sheath wall thickness: around 0.18 mm Wall thickness: 0.3 mm 
Material: SS316 Material: SS316 
Type of fit: Press fit 
Type of weld joint: fillet weld 
Argon flow rate (shielding gas): 10 l/min at 0.1 kg/cm2 gauge pressure 
Sleeve
Thermocouple sheath 
Weld joint cross-section 
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Rectangular wave pulse was used for the welding. The waveform is shown in Fig.6. The standardized parameters are 
given in Table. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.6. Waveform for welding of thermocouple to sleeve. 
Table -2 
Standardized laser welding parameters for thermocouple to sleeve weld 
Parameter Experimental 
values Suggested range of values 
Average peak power 680 W 660W to 690W 
Index angle 10 º 10º to 12º 
Overlapping factor 82.5% 80% 
Pulse duration 6.2 ms Between 5.8 and 6.3 ms (depending on average peak power) 
Energy per pulse 4.21 J Needs to be calculated as per the chosen parameters 
Weld offset 0.26 mm 0.18 mm to 0.26 mm 
Rotational feed rate 200rpm Around 200 rpm 
6. Design And Fabrication of Special Fixture to Remove Ovalities 
 Thermocouples are fabricated by swaging process. This results in ovalities in the outer sheath. This 
variation can result in weld defects, as shown in Fig.7. A special supporting fixture was designed to carry out local 
machining of the weld region. The wire was held in tension between the head stock and tail stock by the fixtures 
shown in Fig.8 (a). Precision machining was carried out by using a diamond tool as shown in Fig.8 (b). 
 
 
Fig.7. Weld defect due to varying wall thickness 
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            8(a) 8(b) 
Fig.8 (a) Fixtures to hold the thermocouple wire in tension during precision machining, (b) Machining operation 
 
7. Qualification of Welds  
 
7.1 Hydrostatic Test 
 
 This test is employed to test the strength of the laser weld by pressurizing the capsule with water. Water is 
nearly incompressible, and therefore requiring relatively little work to develop a high pressure. In case of failure of 
the capsule under hydrostatic test only a small amount of energy is released. Pressure tightness can also be tested by 
shutting off the supply valve and observing whether there is a pressure loss. It was seen that the capsule could 
withstand a pressure of 350 bars without failure.  
 
7.2 Furnace Test 
       
 
Fig.9. Pressurized capsule with attachment of central thermocouple 
 
 Pressurized capsule with attachment of central thermocouple is shown in Fig.9. It was tested in furnace at a 
temperature of 973 K for 14 days. Pressure developed in the capsule at 973 K was 19.5 MPa. No failure was noticed 
in the thermocouple weld. 
7.3 Metallographic Inspection 
 
 
 10(a) 10(b) 
Fig.10 (a) Thermocouple to sleeve attachment, (b) Microstructure of the weld cross-section 
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 Fig.10 (a) shows thermocouple to sleeve attachment weld and Fig.10 (b) shows microstructure of the weld. 
The weld penetration was found to be 0.15mm which gives the necessary strength to withstand the internal pressure. 
8. Conclusion 
 Laser welding parameters have been standardized for successful development of pressurized capsule with 
attachment of central thermocouple for detection of creep rupture. The pressurized capsule with attachment of 
thermocouple was tested in an electrical furnace at 973 K and 19.5 MPa for 14 days and no failure occurred. 
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